Abstract. This study explores the indirect effects of anthropogenic and biomass burning aerosols on Arctic clouds by co-locating a combination of MODIS and POLDER cloud products with output from the FLEXPART tracer transport model. During the activities of the International Polar Year for the Spring and Summer of 2008, we find a high sensitivity of Arctic cloud radiative properties to both anthropogenic and biomass burning pollution plumes, particularly at air temperatures near freezing or potential temperatures near 286 K. However, the sensitivity is much lower at both colder and warmer temperatures, possibly due to increases in the wet and dry scavenging of cloud condensation nuclei: the pollution plumes remain but the component that influences Arctic clouds has been removed along transport pathways. The analysis shows that, independent of local temperature, cloud optical depth is approximately four times more sensitive to changes in pollution levels than is cloud effective radius. This suggests that some form of feedback mechanism amplifies the radiative response of Arctic clouds to pollution through changes in cloud liquid water path.
Introduction
Every winter and spring, the lower Arctic troposphere fills with elevated concentrations of foreign pollutants. The first formal studies of the phenomenon were made by European explorers over a century ago (Garrett and Verzella, 2008) . More recent work has shown that the primary source of these pollutants is the long-range transport of anthropogenic Correspondence to: T. J. Garrett (tim.garrett@utah.edu) and biomass burning emissions from lower latitudes (Shaw, 1982; Quinn et al., 2007; Fisher et al., 2010; . A persistent wintertime surface temperature inversion inhibits vertical mixing and turbulent aerosol deposition, and the dryness of the Arctic atmosphere results in minimal wet scavenging (Law and Stohl, 2007) . The Arctic haze rapidly dissipates in the spring, primarily due to the increased efficiency of wet scavenging in the warmer weather, although reduced transport efficiency from mid-latitudes also plays a role (Garrett et al., 2010; Huang et al., 2010; Matsui et al., 2011) .
Aerosols transported to the Arctic from lower latitudes can act as Cloud Condensation Nuclei (CCN). Enhanced CCN levels can increase cloud droplet number concentrations and decrease average droplet size relative to cleaner conditions . Over dark oceans, this can make clouds brighter and therefore have a cooling effect (Twomey, 1977) . However, surface cooling is thought to be small in the Arctic due to low pollution levels during the summer and a generally highly reflective surface (Garrett et al., 2002) . A more significant aerosol indirect effect involves changes in cloud thermal emission. Thin low level clouds have increased thermal emissivity under polluted conditions so that enhanced levels of CCN can possibly have a significant warming effect (Lubin and Vogelmann, 2006; Garrett and Zhao, 2006; Mauritsen et al., 2011) . dynamical considerations, there is no simple association between aerosol concentrations, precipitation and cloud liquid water content Ackerman et al., 2004; Lu and Seinfeld, 2005; Stevens and Feingold, 2009 ). For example, Xue and Feingold (2006) used model simulations to find that, although elevated aerosol concentrations tend to suppress precipitation, there is also an overall reduction in cloudiness due to stronger evaporation of the smaller cloud droplets and an increase in the entrainment of dry air.
For a comprehensive examination of aerosol-cloud interactions, space based measurements can be particularly useful since they provide sufficient statistics to tease a weak signal from a naturally noisy system. However, one downside of using passive spaceborne measurements alone to study aerosolcloud interactions is that it is not possible to study clouds and aerosols that are vertically and horizontally coincident since clouds are normally orders of magnitude brighter. For example, a commonly employed strategy is to pair cloud retrievals with aerosol retrievals from nearby adjacent airmasses. The implicit assumption is that aerosol concentrations are horizontally homogeneous so that the two retrievals can be meaningfully compared (Sekiguchi et al., 2003; Quaas et al., 2004; Kaufman et al., 2005) .
What is perhaps preferable is to examine the pollution field from a tracer transport model with cloud properties from colocated satellite measurements (e.g., Avey et al., 2007 and Brioude et al., 2009) . While this method relies on the accuracy of the transport model, the major advantage of this approach is that the cloud and pollution fields can be compared under the same meteorological conditions. Also, if the model pollution tracer is strictly passive within dynamic flows, it can be treated as an independent quantity that is unaffected by clouds, chemical processes and precipitation removal. Avey et al. (2007) used this method to study pollution-cloud interactions off the eastern seaboard of the United States. The comparison showed that the sensitivity of cloud effective radius and optical depth to anthropogenic pollution plumes decreases with increasing distance from emission sources. It was inferred that wet scavenging had removed cloud active aerosol particles, leaving the inactive components of the pollution plumes behind.
Arctic haze has traditionally been attributed to plumes of anthropogenic pollution coming from Eurasian industrial activity north of the Arctic front (Shaw, 1995) . However, recent studies of large summertime Boreal forest fires in North America and eastern European fires occurring in the Spring of 2006 arrived at the conclusion that biomass burning has been largely underestimated as a source of Arctic haze and aerosols. In fact, both anthropogenic and biomass burning pollution plumes were a primary focus of the International Polar Year (IPY) of 2007 and 2008 activities in the Arctic (Stohl, 2005) . IPY field campaigns and aircraft experiments concurrent with the period of this study give a wider context for the results presented here (Ghan et al., 2007; Jacob et al., 2010) .
Here, we adopt a similar approach to Avey et al. (2007) for analysis of the effects of anthropogenic and biomass burning pollution on Arctic clouds for the period 21 March through 21 July, corresponding to several IPY studies taking place during the transition from the highly polluted winter to the relatively clean summer (Paris et al., 2008; Jacob et al., 2010) .
Methods
The effect of aerosols on cloud optical depth through changes in droplet size, or the first aerosol indirect effect, is typically quantified using the Indirect Effect parameter (IE). Normally, IE is defined by the relative change in a cloud property, generally cloud optical depth (τ ) or cloud droplet effective radius (r e ), with respect to a relative change in some aerosol quantity, often satellite retrieved aerosol optical depth (τ a ) (Feingold et al., 2001; Bréon et al., 2002; Lohmann and Feichter, 2005) , e.g.
An alternative approach is to evaluate the IE parameter with respect to fields of some passive pollution tracer that does not interact with clouds. A good choice here is carbon monoxide (CO) tracer concentrations produced by a Lagrangian dispersion model. Close to emission sources, anthropogenic CO generally correlates well with anthropogenic CCN in a non-precipitating air-mass (Longley et al., 2005) . In the Arctic, when precipitation is low, the ratio of aerosol light scattering to short-term CO perturbations is centered around a mode value of 0.4 Mm −1 ppb −1 (Garrett et al., 2010) . Unlike CCN, however, the χ CO tracer is merely passive, and it is affected only by dilution. It does not interact with or influence clouds. In order to focus on the variability contributions associated with long-range transport to the Arctic, FLEXPART instantly removes all CO that has had twenty days atmospheric residence time.
The advantage of comparing a passive pollution tracer to cloud fields is that pollution and clouds are not coupled through the effects of clouds on aerosols. This permits identification of cause and effect in pollution-cloud interactions. For example, if concentrations of χ CO are high but the colocated cloud perturbations are low, this may be interpreted as an indication that CCN, the cloud active components of the pollution field, have been removed through wet scavenging (Avey et al., 2007) .
To explain further, since, cloud optical depth (τ ) can be expressed as where ρ w is the bulk density of liquid water, the derivative of the natural logarithm of τ with respect to the logarithm of the χ CO tracer, is
Since, CCN are the active components of pollution plumes, the sensitivity of cloud optical depth to pollution will be product of two partial derivatives evaluated in the following manner:
where
is a scavenging parameter that ranges from 0 to 1 (Garrett et al., , 2010 . When the rate of wet scavenging is high then S will be small, indicating a small relative change in CCN for a relative change in χ CO . Conversely, S is large when minimal amounts of wet scavenging have impacted the pollution plume and the correlation between CCN and χ CO is high. While cloud microphysical properties can be influenced by aerosols, they are more fundamentally determined by the meteorological conditions in which they form (Chang and Coakley, 2007) . To first order, the amount of liquid water in an adiabatic cloud depends on the difference in moist and dry lapse rates at a certain temperature and pressure according to the basic thermodynamic relationship;
where, ρ a is the air density, C p is the heat capacity of air, L v the latent heat of vaporization, d the dry adiabatic lapse rate and s the moist adiabatic lapse rate. At colder temperatures the difference in lapse rates is much smaller and consequently less moisture is available for condensation and release of latent heat. For example, a cloud forming at 900 hPa at a temperature of −15 • C will have a value of dLWC/dz of 0.7 g m −3 km −1 . At the same height but a temperature of 0 • C, dLWC/dz has a value of approximately 1.9 g m −3 km −1 . Thus, in order to limit meteorological bias and constrain cloud microphysical sensitivity to pollution, we evaluate the sensitivity of cloud properties to χ CO within small bins of temperature and pressure. This minimizes covariance associated with χ CO acting as a tracer of warmer, moister, airmasses that may be influencing the observed cloud properties more than pollution itself.
Furthermore, we examine only low-level, liquid clouds in the Arctic, in order to simplify interpretation of the physics and to ease comparison with prior studies that have examined the sensitivity of clouds to pollution aerosols (Garrett et al., 2004; Garrett and Zhao, 2006; Lubin and Vogelmann, 2006; Mauritsen et al., 2011) . The effects of aerosols on mixedphase clouds is a more complex issue (Curry et al., 1996; Girard et al., 2005; Morrison and Pinto, 2005; Morrison et al., 2008; de Boer et al., 2009) and not directly addressed in this study.
Here, we calculate the values of IE re , IE τ , and IE LWP , by fitting a linear least squares regression of the natural logarithm of the cloud properties against the natural logarithm of the combined anthropogenic and biomass burning tracers, for a given pressure level and temperature. Thus
3 Data products used
In order to characterize pollution-cloud interactions, we use a combination of satellite retrieved cloud products and a modeled pollution tracer, as summarized in Table 1 . The cloud products are retrieved using the MODIS and POLDER instruments on A-train satellites Aqua and PARASOL (Polarization and Anisotropy of Reflectances for Atmospheric Sciences coupled with Observations from a Lidar), respectively. The tracer transport model FLEXPART provides a tracer for anthropogenic emissions along with a tracer of biomass burning.
Cloud products
Aqua MODIS Collection 5 Level-2 retrievals, are used to provide cloud-top effective radius (r e ), temperature (T C ) and optical depth (τ ) King et al., 2005) . The retrieval of r e is made using simultaneous measurements of cloud reflectance from the water absorbing bands (1.6, 2.1, 3.7 µm) combined with one of the non (or less) absorbing bands (0.65, 0.86, 1.2 µm) depending on the surface conditions. MODIS airborne simulator r e values in stratiform cloud agree well with in situ measurements of liquid clouds in the Arctic . Cloud Liquid Water Path (LWP) is acquired from the MODIS retrieved r e and τ parameters from Eq. (2). Flying just two minutes behind Aqua in the A-train constellation is the microsatellite PARASOL with the innovative radiometer/polarimeter POLDER (Polarization and Directionality of the Earth's Reflectance) that provides systematic measurements of spectral, directional and polarized characteristics of reflected sunlight (Fougnie et al., 2007) . This unique multidirectional instrument provides cloud microphysical and macrophysical parameters at a spatial resolution close to 20×20 km.
Here, cloud pressure is determined from the POLDER cloud oxygen pressure (P O 2 ), which is based on the differential absorption measured at 763 and 765 nm wavelength, corresponding to the A-band region of strong absorption by atmospheric oxygen (Bréon and Colzy, 1999) . Multiple scattering in cloud places P O 2 values more towards the center of the cloud rather than cloud top. Nonetheless, P O 2 cloud top pressure from POLDER is preferred over MODIS cloud top pressure retrievals because the P O 2 algorithm does not utilize infrared channels that require an assumed temperature profile (Buriez et al., 1997; Weisz et al., 2007) . Further discussion on this point is described in Sect. 3.3. We find that for lowlevel clouds in the Arctic, MODIS retrievals of cloud heights can be several kilometers too high.
With respect to detection of cloud phase, angular polarization features of shortwave radiation reflected off clouds depend strongly on particle shape, and POLDER captures a polarization signature unique to water droplets but absent in ice (Goloub et al., 2000) . One of the MODIS phase retrievals makes use of the strong differences in the spectral absorption characteristics of ice and water in the 8.5 µm and 11 µm radiation bands ). An additional MODIS phase retrieval uses measurements of shortwave infrared reflectance (SWIR) at the wavelengths 1.6 and 2.1 µm and reflectance in the visible channels , taking advantage of the fact that ice particles are slightly more absorbing at SWIR wavelengths than liquid water droplets. While each retrieval has it's own set of advantages and limitations, the A-train allows the POLDER and MODIS products to be combined synergistically to provide a semi-continuous confidence index for thermodynamic phase (φ) ranging from confident liquid (Eq. 1) to confident ice (200) (Riedi et al., 2010) .
Here, clouds with a value of φ that is 50 or below are assumed to be liquid because this threshold requires that at least two of the three phase retrieval algorithms used in the index agree.
Anthropogenic and biomass burning pollution tracer
The Lagrangian particle dispersion model FLEXPART is used here to characterize the transport of pollution into the Arctic, represented by CO concentrations fields (χ CO ) from recent (< 20 days old) anthropogenic combustion and biomass burning emissions. The model is driven by the European Centre for Medium Range Weather Forecasts (ECMWF) operational analyses at a resolution of 0.5 • ×0.5 • (White, 2002) and was set to produce pollution tracer output at 15 tropospheric vertical model levels, with a global horizontal resolution of 0.5 • ×0.5 • in three hour time steps. FLEXPART calculates the trajectories of tracer particles using the mean winds interpolated from the meteorological analysis fields plus parametrized random motions representing turbulence and convection (Stohl and Thomson, 1999) .
Anthropogenic emission sources are calculated from the EDGAR emission inventory outside North America (Olivier and Berdowski, 2001 ). For North America, emissions were calculated from Frost et al., 2006 . A tracer of biomass burning is incorporated into the model based on a fire detection scheme from the MODIS instruments on Aqua and Terra (Giglio et al., 2003) and using an algorithm described by .
The FLEXPART model has been a popular choice for understanding the origins and characteristics of Arctic air pollution Law and Stohl, 2007; Stohl, 2006) . During the IPY airborne field experiments, ARCTAS (Arctic Research of the Composition of the Troposphere from Aircraft and Satellites) and ARCPAC (Aerosol, Radiation, and Cloud Processes affecting Arctic Climate), FLEXPART was used to predict locations of pollution plumes in order to select appropriate flight plans for in situ pollution measurements Jacob et al., 2010) . Not only were pollution plume locations accurate, but, on average, predicted CO enhancements were within 30% of coincident airborne measurements . Similar agreement has been seen in mid-latitude pollution plumes (Stohl et al., 2003 . Some of this error is likely due to the limited sample volumes of aircraft measurements and would be lower for grid-cell averaged data. Comparisons with space-based retrievals of CO for Arctic pollution plumes indicate a low bias for FLEXPART CO (which may also be due to retrieval errors and is not important for this study) but otherwise agreement of CO columns to within some 10% (see Fig. 8 in Sodemann et al., 2010) .
Co-location of cloud products with FLEXPART
Here, we examine the entire Arctic region between 65 • N and 84 • N, subject to satellite retrieval constraints. The orientation of the polar orbiting satellites means that the largest sampling density (approximately 42%) lies between 70 • N and 75 • N, including a large portion of land mass, some sea ice in the early part of the study, and open ocean in later part.
Satellite retrieved cloud properties from POLDER and MODIS are provided at different spatial resolutions. For a nadir view, MODIS cloud products are provided at 1 km×1 km resolution for τ and r e , while T c is provided at 5 km×5 km resolution. The POLDER P O 2 pressure is derived from 6 km×6 km resolution observations but it is provided at a fixed resolution of 20 km×20 km. The synergistic POLDER-MODIS cloud phase product is derived and provided at the full POLDER native resolution of 6 km×6 km.
Prior to co-location with the FLEXPART tracer fields, all satellite cloud products are spatially co-located on a fixed resolution sinusoidal grid (equal area) of 6 km×6 km to maintain phase information at its highest resolution. Next, these merged POLDER and MODIS cloud products are temporally and spatially co-located with FLEXPART output. We match the A-train satellite overpass time to the appropriate FLEXPART tracer field, which is output every three hours. For example, a 08:33 UTC satellite overpass will be matched up with the 09:00 UTC FLEXPART pollution tracer fields, which represent an average of tracer concentrations between 06:00 and 09:00 UTC for that particular grid cell.
Establishing the vertical location of both aerosols and clouds is the best way to be able to determine if the two quantities are interacting on a microphysical level consistent with the aerosol indirect effect. For clouds forming in the tropical and subtropical marine boundary layer, the MODIS operational Collection Five cloud top pressure retrieval has been known to overestimate cloud top heights by 1 to 3 km (Holz et al., 2008) . The bias is likely a result of problems the algorithm has in matching the observed 11 µm brightness temperature to a unique atmospheric level in the presence of a strong subsidence temperature inversion. If a bias this large is similarly present in Arctic low-level cloud measurements, the ability to diagnose aerosol-cloud interactions using our analysis technique would be seriously compromised when using MODIS cloud top height retrievals. The Arctic is not subject to the same large scale subsidence of subtropical regions. However, strong temperature inversions are often present (Shupe et al., 2006) possibly affecting MODIS cloud top height retrievals.
The synergy of the A-train satellite group allows retrievals from different active and passive instruments to be meaningfully compared. As an alternative to the MODIS instrument, the POLDER cloud top height algorithm offers a very similar footprint and spatial resolution but it uses measurements from visible rather than infrared wavelength channels (Bréon and Colzy, 1999) , eliminating the need for an estimated temperature profile in cloud placement determination.
We performed an inter-comparison of MODIS, POLDER and CALIOP cloud top heights in order to determine whether a bias affecting MODIS cloud top height retrievals of Arctic low-level clouds was present, and whether the POLDER algorithm offered any improvement. Cloud top heights from the three instruments were compared for multiple scenes of low-level stratiform clouds forming in the Arctic region spanning April to July 2008. Figure 1 shows an example of MODIS, POLDER and CALIOP cloud top height retrievals, co-located along the CALIOP footprint, and plotted with the vertical profile of modeled biomass burning and anthropogenic pollution tracer output. MODIS cloud top heights correspond to pollution tracer concentrations that are considerably different than the layer where the CALIOP Lidar and POLDER cloud top height retrievals indicate the cloud actually lies. For the low-level Arctic stratiform clouds that were compared, MODIS cloud top heights were found to have a consistent bias of +1.6±0.5 km compared to POLDER and CALIOP. Note too, that unlike the MODIS tops, the POLDER/CALIOP cloud tops demarcate a boundary that is consistent with a familiar situation where dry polluted air overrides a moister cloud-topped boundary layer. For the purposes of this study, the reason for using POLDER rather than CALIOP data for matching cloud fields to FLEXPART data is that POLDER has a much larger footprint and swath, which provides much higher statistical representativeness.
The scheme for horizontal and vertical co-location is illustrated in Figs. 2 and 3 . FLEXPART concentrations are output for atmospheric layers of roughly 1 km depth in the lower troposphere. Cloud retrievals associated with POLDER P O 2 pressures lying within the boundaries of each FLEXPART grid box are compared with the FLEXPART concentrations in that grid box. Clouds with P O 2 pressures between 800 hPa and 900 hPa are co-located with FLEXPART concentrations for FLEXPART grid boxes between 1 km and 2 km; clouds with P O 2 pressures between 900 hPa and 975 hPa are colocated with FLEXPART concentrations for the grid boxes between 200 m and 1 km.
The 0.5 • ×0.5 • horizontal resolution of the FLEXPART model grid is considerably coarser than the 6 km×6 km satellite derived cloud property retrievals. To account for this difference in resolution, an averaging of cloud properties is performed for each FLEXPART three dimensional grid box, such that each grid box has only one set of cloud property values associated with it. Within each FLEXPART grid box, satellite retrieved properties are averaged together only if all retrievals of the cloud properties considered are successful. For example, if a cloud pixel has a successful cloud top height and effective radius retrieval, but the thermodynamic phase is undetermined, then none of the properties from that pixel are included in the analysis. For the atmospheric heights below 800 hPa used in this study, clouds are generally stratiform so that within a typical FLEXPART grid box, the variability in cloud properties is relatively small. However, about 7% of FLEXPART grid boxes that were characterized by liquid clouds had less than 50% cloud coverage. These cases were not incorporated in the assessment of pollution-cloud interactions.
The co-location method is subject to some amount of error and uncertainty that will affect the relationships between χ CO and cloud properties. FLEXPART χ CO fields are only output every three hours, making the maximum temporal difference between observed cloud properties and pollution to be 1.5 h. Advection errors from the ECMWF model grids and the parametrized turbulence are also possible. Anthropogenic emission inventories are based on data from previous years, making χ CO emission estimations another source of uncertainty. Furthermore, MODIS is only able to detect biomass burning under relatively cloud free conditions, possibly leading to underpredicted biomass burning χ CO .
The advantage of co-locating satellite and FLEXPART fields is that it allows for high statistical coverage of the Arctic while allowing for comparison of pollution and clouds under similar meteorological regimes. stratiform clouds (Curry et al., 1996; Shupe et al., 2006; de Boer et al., 2009 Figure 5 shows an example of the calculation of IE re (Eq. 7), showing a comparison between FLEXPART χ CO fields and space-based retrievals of retrievals of r e in lowlevel liquid clouds. It is clear from the scatter in this figure that pollution is not the primary control of cloud effective radius. Meteorology almost certainly plays a larger role. However, with sufficient statistics it is nonetheless apparent that there is a weak correlation between high levels of pollution and small effective radii. Figure 6 shows the IE parameter (Eqs. 7-9) calculated for small bins (2 • C) of cloud top temperature T C and pressure for clouds with any retrieved value of LWP. As an additional constraint, Figure 6 also shows the IE parameter calculated for clouds with LWP <40 gm −2 and LWP >40 gm −2 . The value of LWP <40 gm −2 is chosen in order to isolate any dynamic feedbacks in clouds that may occur in clouds that are sufficiently thin to act as graybody emitters (Garrett et al., 2002) . Clouds emitting as graybodies are hypothesized to be particularly susceptible to aerosol enhancements that create a climatologically significant warming effect (Garrett and Zhao, 2006; Lubin and Vogelmann, 2006; Mauritsen et al., 2011), and reductions in droplet effective radius can accelerate their development through a radiative-dynamic feedback mechanism (Garrett et al., 2009) . Once the LWP exceeds 40 gm −2 the cloud is an approximate blackbody and cloud longwave emission is determined by temperature changes alone.
Observations
The plots show that, independent of pressure level, there is a general increase in values of IE with temperature until T C reaches 0 • C, and then there is lower sensitivity at higher temperatures. Except for the coldest temperatures (<−8 • C), the sensitivity is larger for τ than for r e because changes in χ CO are also associated with changes in LWP. Values of IE are smaller for graybody clouds with LWP <40 gm −2 than they are for thicker clouds.
For the span of this study, we find that biomass burning is clearly affecting the composition of the Arctic lower troposphere. Independent of potential temperature, it contributes to approximately half of the total FLEXPART CO concentrations when clouds are present. Figure 7 shows a clear association between larger values of χ CO and warmer potential temperatures (θ), where θ = T (P 0 /P ) 2/7 and P 0 = 1000 hPa. This is expected as most pollution originates from lower latitudes and is transported roughly isentropically into the Arctic (Stohl, 2006) . For the low level Arctic clouds analyzed, the ratio of anthropogenic χ CO to χ CO from biomass burning is near unity, independent of potential temperature.
Here, the chemical composition and relative amounts of CCN for the different tracers are unknown and will influence the sensitivity of cloud properties to χ CO . Prior studies suggest that the quantity of CCN per unit CO in pollution plumes is somewhat sensitive to whether the origins are from biomass burning or anthropogenic combustion. For example, from in-situ measurements made near industrial mid-latitude sites in North America and Europe, the ratio of CCN/ CO is roughly 25 ±15 cm −3 ppb −1 (Longley et al., 2005; . Comparable values of 40±20 cm −3 ppb −1 can be computed for Arctic haze by relating observed ratios of droplet number concentrations to aerosol light scattering (σ ), which are 100±50 cm −3 Mm −1 (Garrett et al., 2004) , to observations from the same location of σ / CO, which are 0.4±0.1 Mm ppb −1 (Garrett et al., 2010) . Estimating values for the ratio CCN/χ CO in biomass burning is more difficult because fuel type and fire size play a large role in the aerosol and mass concentration and solubility of it's particles (Rivera-Carpio et al., 1996; Reid et al., 2005) . Large Siberian Boreal forest fires are a major but episodic source of aerosol during the spring and summer (Stohl, 2006) . Unfortunately, this remote region is lacking in studies of the emission characteristics of biomass burning CCN (Paris et al., 2008) . While regionally distinct, the scale and scope of Siberian Boreal forest fires is similar to large tropical fires that have been previously studied (Andreae et al., 2004; Vestin et al., 2007) , where CCN/ CO values of 10±2 cm −3 ppb −1 were observed near the active fires.
The above survey suggests that CCN / χ CO is potentially a factor of two (or more) larger for the anthropogenic tracer than it is for biomass burning plumes. To examine the sensitivity of clouds to differing pollution sources, we calculate values of IE for clouds where FLEXPART biomass burning χ CO concentrations were either >80% or <20% of the total χ CO concentrations (Fig. 8) . Figure 8 shows that when biomass burning χ CO concentrations are relatively high, Arctic cloud properties show a sensitivity to pollution plumes that can be significant, particularly along isentropic surfaces between 282 K and 291 K. Overall, however, biomass pollution plumes have a smaller effect on cloud properties per unit CO than do anthropogenic plumes.
Discussion

Overall low-level Arctic cloud response to pollution plumes
Calculated for low-level, liquid, stratiform clouds, north of 65 • N Latitude, from the end of March through mid-July 2008, we obtain values for the IE parameter calculated with respect to a pollution tracer that range from 0.00 to 0.10 with respect to effective radius (r e ) and values of 0.00 to 0.21 with respect to optical depth (τ ), with the largest values at temperatures near freezing. For comparison, using ground based measurements obtained near Barrow Alaska, Garrett et al. (2004) found values of IE re for low-level liquid clouds in the range of 0.13 to 0.19 when the aerosol quantity considered was light scattering of sub-micron aerosol. Lihavainen et al. (2010) found IE re values of 0.2 to 0.3 in ground based measurements in Northern Finland and values of ∼0.1 in satellite measurements for both IE re and IE τ .
More globally, satellite based studies have obtained IE values ranging from 0.02 to 0.20 for continental clouds (Nakajima et al., 2001; Feingold et al., 2003; Lohmann and Feichter, 2005; Myhre et al., 2007) and 0.09 to 0.13 for oceanic clouds (Bréon et al., 2002; Sekiguchi et al., 2003; Kaufman et al., 2005; Myhre et al., 2007) . Costantino and Bréon (2010) used space-based lidar to determine that African biomass burning aerosol layers were sometimes coincident with shallow marine stratocumulus clouds, and had IE values of 0.24. However, if there was no indication that aerosol layers were coincident with clouds, the IE value fell to 0.04, illustrating the importance of vertical and horizontal co-location of aerosols and clouds in studies of the aerosol indirect effect.
Our analysis technique made many efforts to ensure clouds are compared with coincident pollution. However, limitations and uncertainties with the co-location technique, combined with advection errors in modeled FLEXPART pollution levels, will act to reduce the correlation between cloud properties and χ CO , leading to smaller values of IE.
Overall, the values of IE we calculated are smaller than those found in prior ground-based studies that directly observed coincident clouds and aerosols. This may be due in part to co-location errors. More importantly, however, comparisons were not made between cloud properties and an aerosol quantity, but rather with a passive pollution tracer χ CO . Since concentrations of χ CO are independent of clouds and only affected by dilution and mixing, when the IE parameter is large, the implication is that values of the scavenging parameter S (Eq. 5) are close to unity, and χ CO concentrations are associated with significant concentrations of CCN that have the capacity to perturb cloud properties.
It is no surprise then that the largest values of IE that we see are similar to those obtained in previous studies. However, we frequently find values of IE (and S) are substantially smaller, particularly when T C is greater than 4 • C. This suggests that at very warm temperatures wet scavenging is sufficiently efficient to limit the effects of pollution plumes on cloud properties. When temperatures are warm enough to support drizzle and rain processes, CCN are efficiently removed from the pollution plumes (Garrett et al., 2010) , reducing the sensitivity of clouds to pollution plumes themselves. Effectively, the freezing point serves as a "scavenging point" of aerosol particles from pollution plumes.
What is a bit surprising is that there appears to be lowered sensitivity of clouds to pollution plumes with locally cold temperatures below −6 • C or below potential temperatures of about 278 K. It is unclear why this should be so given that wet scavenging is unlikely to be particularly efficient due to low precipitation rates. Perhaps one explanation is that locally cold air masses are also associated with longer transport times from mid-latitude pollution source regions (Stohl, 2006) . It is the time-integral of precipitation rates that ultimately determines the extent of wet scavenging. Additionally, cold potential temperatures will tend to be more associated with surface air that has increased susceptibility to dry deposition . It may be that the "inverted-U" shape in the IE signature appears due to two competing effects: where surfaces of potential temperature are cold in the Arctic, precipitation is low but dry deposition is high and transport times are long; conversely, where Arctic potential temperature surfaces are warm, transport times are short but precipitation is high. Values of IE are at a maximum for temperatures where there is a minimum in the time integral of precipitation and dry deposition along transport pathways.
The broad statistical nature of the data sampling allows for the effects of possible dynamical and microphysical feedback processes to be evident in the analyses. Our dataset encompasses a broad time period and samples clouds at various points from their formation all the way until dissipation. Any feedback mechanisms occurring on short time scales will also be contributing to our results. If LWP is unaffected by pollution and S is low, then the IE parameter calculated with respect to r e and τ will be equal (see Eq. 3), and absent any dynamical feedbacks, IE values will range between 0 and 0.33 (Feingold, 2003) . Here, we allow for feedbacks that would increase LWP and are usually neglected in aerosol indirect effect studies (Stevens and Feingold, 2009) , the idea being that we are empirically fitting a slope to data that encompasses many phenomena in a complex system. Our data sampling occurs at various stages of a cloud's lifetime and over a long time period, so the results will include information about any dynamical feedback or precipitation process that may mediate the overall cloud response to pollution. Figure 9 , shows observed values of an enhancement factor (EF) representing the degree to which the cloud optical depth sensitivity IE τ exceeds the droplet effective radius sensitivity IE re , based on results shown in Fig. 5 , and plotted against potential temperature. When no constraint is made on LWP, values of EF are about four for values of θ>273 K. The magnitude of the enhancement factor is smaller by about a factor of two when LWP is constrained to graybody clouds or blackbody clouds and for periods when biomass burning is greater than 80% total χ CO . Note that any constraint on LWP is necessarily going to constrain the magnitude of any associated enhancement of IE τ : the sum of the enhancement factors for graybody and blackbody clouds is equal to that for all clouds. What is implied, however, is that the magnitude of the enhancement is not specific to clouds of any particular thickness.
Thus, our results suggest that LWP in Arctic low-level liquid clouds is more sensitive to mid-latitude pollution plumes than is r e , and therefore it is changes in LWP that are most important to the aerosol indirect effect. This is surprising, given that the most simple understanding of cloud physics is that values of LWP are determined primarily by thermodynamic constraints rather than aerosol concentrations. We cannot isolate an exact physical mechanism from the observations. One possibility, though, is that the observed IE enhancement at low LWP may be indicative of an infrared radiative feedback process that accelerates cloud development when clouds are thin and polluted (Garrett et al., 2009 ). More likely, given that the observed enhancement of IE τ is not specific to a particular range of cloud LWP, is that suppression of warm rain and drizzle by pollution aerosol may lead to a long term thickening of liquid stratiform clouds (Pincus and Baker, 1994; Wood, 2007; Stevens and Feingold, 2009; Mauritsen et al., 2011; Christensen and Stephens, 2011) .
Also, a common but tenuous regime of supercooled liquid clouds precipitating ice is frequently observed in the Arctic (Curry et al., 1996; Intrieri et al., 2002; Shupe et al., 2006) . Morrison et al. (2008) found in model simulations that elevated aerosol concentrations reduce riming processes in Arctic clouds and this can lead to increased LWP and cloud lifetime because ice particle growth is inhibited and suppresses ice crystal precipitation. By restricting our analysis to clouds with a radiatively determined phase index of φ≤50, our study likely did not exclude liquid clouds that were precipitating ice. Thus, a precipitation feedback potentially could be contributing to our observation that cloud LWP is highly sensitivity to pollution, leading to large enhancement factors (EF) (Fig. 9) .
A correlation between χ CO and LWP may also be expected for dynamical reasons. As a polluted, mid-latitude, and relatively warm air mass intrudes into the Arctic, it typically rises slantwise along a frontal surface above the colder Arctic dome. A cloud formed in such an air mass may be expected to be deeper than an average Arctic cloud considered in our analysis. The impact of this effect on our results should be minimized by having controlled for both cloud top temperature and pressure, and by considering only stratiform clouds with cloud tops below 2 km, whose depth is clearly limited. Still, the effect may partly explain why IE LWP values are larger than IE re values.
Further explanation for the observed sensitivity of LWP to the pollution tracer χ CO warrants further investigation. Perhaps, sensitivity studies using LES (Large Eddy Simulation) type cloud models may provide better insight into interpreting our observations. Similarly, if precipitation observations could be coupled with our cloud property observations, a more precise understanding of pollution-cloud interactions could be achieved, since precipitation determines wet scavenging and is closely tied to cloud microphysical properties.
Cloud response to biomass burning
Local aerosol sources, both natural and anthropogenic, may have the capacity to influence cloud properties (Quinn et al., 2008; Hirdman et al., 2010) . However, the bulk of Arctic aerosol mass originates from outside the Arctic (Shaw, 1995; Sirois and Barrie, 1999; Law and Stohl, 2007) and is well represented in FLEXPART by the anthropogenic and biomass burning tracers for χ CO . Figure 7 indicates that biomass burning contributes significantly to total pollution levels affecting low-level liquid clouds in the Arctic, consistent with results from several AR-CPAC and ARCTAS related studies during April and July 2008 . Unusually warm temperatures and reduced snow cover in the early spring favored pollution transport into the Arctic from Siberian wildfires and Kazakhstan agricultural burning (Warneke et al., 2009 . Later in the summer, frequent biomass burning plumes were observed, often in elevated layers that originated from Eastern Siberian wildfires (Paris et al., 2008; Fuelberg et al., 2010) .
Compared to when anthropogenic pollution dominates the plumes, plumes dominated by biomass burning exhibit a generally smaller response of cloud optical depth to pollution (Fig. 9) . In particular, the response of LWP is near zero. One reason may be that biomass burning pollution plumes contain a smaller proportion of highly soluble CCN per unit CO than anthropogenic plumes. Biomass burning plumes typically contain CCN that are a mixture of soluble and insoluble particles, and they activate at a much larger range of supersaturations (Rivera-Carpio et al., 1996; Pradeep Kumar et al., 2003; Vestin et al., 2007) .
The minimal enhancement in LWP, or values of IE τ over IE re (Fig. 9) , may point to other radiative characteristics of biomass burning aerosols dampening LWP feedback processes. For instance, our study did not preclude situations where additional biomass burning layers may be situated above the cloud layer. During the late spring and summer, these layers would absorb shortwave radiation and add an additional thermal forcing at cloud top . The added warm layer may increase the atmospheric stability and favor low cloud development (Klein and Hartmann, 1993) , or conversely, the added thermal flux may decrease the relative humidity and enhance evaporation, dissipating the cloud. While, we show an overall sensitivity of cloud properties to biomass burning plumes, a closer examination of the vertical profile and thermal characteristics of the biomass burning tracer is needed in order to constrain these possible effects.
Conclusions
This study has shown how an inert passive tracer can be used to quantify the indirect effects of anthropogenic and biomass burning pollution plumes on the properties of low-level liquid clouds in the Arctic north of 65 • . Results show that, for a fairly narrow range of temperatures, the effects of pollution plumes on clouds is of a similar magnitude to those seen in previous satellite studies that looked explicitly at the effects of measured aerosols on clouds. The highest correlation between cloud optical depth, droplet effective radius, and pollution occurs at temperatures near freezing.
However, there is a pronounced decrease in the sensitivity of clouds to pollution plumes at Arctic temperatures that are both warmer and colder than freezing, or alternatively Arctic potential temperatures that are warmer or colder than about 286 K. We suggest that an explanation for this "inverted-U" phenomenon is the extent of time-integrated scavenging of aerosols along transport pathways from mid-latitudes. For Arctic air-masses with warmer temperatures, the decrease is due to more efficient wet scavenging of CCN in seasonally warm and moist air-masses. For Arctic air with colder temperatures, air rides closer to the surface and the transport time to the Arctic of air from mid-latitudes is prolonged, which increases potential exposure to precipitation and dry scavenging events.
We find also that biomass burning plumes interact less efficiently with clouds, per unit CO, than do anthropogenic plumes, although their effects are still significant. Finally, independent of temperature, we find that the cloud optical depth has a substantially higher sensitivity to changes in pollution levels than can be explained by changes in cloud droplet effective radius alone, typically by a factor of four,. What this suggests is that pollution aerosols are activating precipitation suppression or some unknown dynamic feedback mechanism to increase liquid water path and cause large enhancements of the first indirect effect of aerosols on lowlevel Arctic liquid clouds.
